Alkylketene dimer (AKD), a kind of wax, has been known to form fractal surfaces spontaneously, and to show super water-repellent property. In order to understand further the super water-repellency of the AKD surfaces and to elucidate the mechanism of spontaneous formation of the fractal structures on the wax surfaces, a pure and a mixed AKD samples were employed to make the surfaces by the melt-solidification method.
Introduction
Super water-repellent or superhydrophobic surfaces having water contact angles larger than 150 o have attracted wide interestes because of the importance in chemical and biological researches and the potential applications in industry. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] In order to fabricate such surfaces, different materials and many methods have been introduced mainly by taking two factors, the surface energy and the surface roughness, into account. In the former trial, fluorinated compounds with low surface energy were usually used, while several nano-or micro-textured or fractal structures on the surfaces were formed in the later case. Various approaches to prepare super water-repellent surfaces have been reported including melt-solidification of a wax, [11] [12] [13] [14] silica and oxidized alumina films through the sol-gel method, [15] [16] [17] plasma-based etching or deposition, 18, 19 gel-like roughened polypropylene, 20 anodically oxidized aluminum, 21, 22 etched copper and electrodeposited copper, 23 electrochemical polymerization, 24 layer-by-layer assembly together with electrodeposition, 25 solution-immersion, 26 polymer/nanoparticle composite films, 27, 28 films of aligned carbon nanotubes, polymer nanofibers and inorganic nanorods. [29] [30] [31] [32] [33] [34] [35] [36] Effects of geometric length scales, surface roughness and surface energy on the wettability of super water-repellent surfaces were extensively discussed from physical and chemical points of view. [37] [38] [39] [40] [41] [42] [43] [44] [45] It has been well known that fractal structures can effectively magnify the real surface area compared with the projected one, and then enhance the wettability of a solid surface. [11] [12] [13] 21, 22, 46 Alkylketene dimer (AKD), a kind of wax, was found to form fractal structures spontaneously with a dimension of 2.29 and to give super water-repellent surfaces with the water contact angle as large as 174 o . 11, 12 Super water-and oil-repellent surfaces 21, 22 with fractal dimension of 2.19 and fractal super water-repellent poly(alkylpyrrole) film 24 with a dimension of 2.23 were also successfully made. Because of the fractal structures and super water-repellent properties, the AKD surfaces have attracted much attention. 1, 11, 12, 14 Cell cultures on fractal super water-repellent AKD surfaces were recently introduced. 47 The effects of some surfactants on the wettability of super water-repellent AKD surfaces were also investigated. 14 The studies on the structure, property and application of the AKD surfaces provide much insights to explain theoretically the origins of super water-repellecy of the leaves of plants or insects in nature. 47 Although the fractal structures and the super water-repellency of the AKD surfaces have been well-known and some biological or bionic applications were explored, the mechanism for spontaneous formation of the fractal structures on the AKD surfaces is not yet made clear.
In our recent work, 13 the spontaneous formation of fractal structures on the wax surfaces of triglycerides, trimyristin, tripalmitin and tristearin, and their super water-repellent property have been studied. The spontaneous formation of the fractal structures on the triglyceride surfaces has been found to be originated from the phase transition from the metastable α-form to the stable β-form crystal. As a continuation of our systematic studies on the AKD surfaces, the present work deals with the mechanism of spontaneous formation of super water-repellent AKD surfaces with fractal structures. If the mechanisms for the sponteneous formation of fractal surfaces of these two kinds of wax (AKD and triglyceride)
are the same, we may be able to obtain a general guiding principle to make the fractal structure which is a powerful tool to develop some functional materials. 48 
Experimental Section

Materials
The pure alkylketene dimer (AKD), Fig.1 , was purchased from Dojindo Laboratories, Japan and used without further purification. They synthesized the AKD sample especially for us according to our recipe. 12 A typical procedure was as follows. n-octadecanoic acid chloride of 60.6g dissolved in 100ml toluene was added dropwise to a solution of triethylamine of 22.3g in 300ml toluene at 323K with stirring in a glass flask. After the reaction finished, the by-product of triethylamine hydrochloride was filtered off at 323K.
Crude AKD sample was obtained with weak brown color by evaporating the solvent in vacuum. The crude AKD was purified with a silica-gel (C200;WAKO) column using the chloroform/n-hexane mixtures having the gradients of 0/100 to 50/1 as the elution solvent.
Pure AKD (m.p. = 66-67 °C) was obtained as the early fractions of the elute. The final sample of the AKD was checked to be more than 98% pure by gas chromatography. Main impurity still remained was the dialkylketone. The mixed AKD wax was kindly presented by Arakawa Chemical Industries, Ltd., Japan. It was synthesized from a mixture of n-hexadecanoic (30 -40 mol %) and n-octadecanonic acid (70 -60 mol %) chlorides utilizing essentially the same procedures as those mentioned above. The mixed AKD sample was purified by recrystallization twice from n-hexane. The melting point of the mixed AKD was around 45 depending upon the mixing ratio of octadecanoic and hexadecanoic acid chloride.
Preparation of sample surfaces
A small amount of the pure or the recrystallized mixed AKD was put on a polystyrene plate (40 mm × 40 mm × 1 mm) and heated slightly above its melting point (ca. 66 for the pure AKD or 53 for the mixed one) on an electric hot plate. Solidification was then carried out from the melt by moving the sample quickly onto a cold (ca. 0 ) plate to obtain the fresh solid AKD surface. The thickness of the AKD surface was 200 ~ 300 µm.
After the initial contact angle for water was measured, the sample was transferred to an incubator (FF-30N , Tokyo Glass Machinery Co. Ltd.) for heat-treatment for a given time at a specified temperature.
Analytical measurements
Time-dependent contact angles on the AKD surfaces were measured with an optical contact angle meter (DropMaster 300, Kyowa Interface Science Co. Ltd.) at room temperature. Two surface samples were prepared for each measurement. Water droplets of 3 µL were placed on ten different positions of each surface and the contact angles were measured. The averaged value was adopted as the reported contact angle. The ultrapure water with the resistivity above 18.0×10 6 Ω·cm at 25 produced by the Milli-Q system was used.
The AKD surfaces and their cross sections were observed by using a field-emission scanning electron microscope (FE-SEM, S-5200, Hitachi). Prior to the SEM observations, the AKD film was set onto an aluminum sample stage and coated with a thin layer of sputtered alloy of gold and palladium by using the ion sputter (E-1030, Hitachi). The SEM images at several magnifications of the cross sectional view of the super water-repellent AKD surface were employed to evaluate the fractal dimension.
Phase transformations in the AKD samples were detected by differential scanning calorimetry (DSC) and X-ray diffractometry (XRD). The DSC measurements were performed on a Thermo Plus 2 differential scanning calorimeter (DSC-8230, Rigaku). The sample size was 3 ~ 4 mg. It was sealed in an aluminum pan and a similar empty pan was used as a reference. Each sample was scanned for two cycles of heating and cooling to check the metastable and stable phases in the solidified AKD from its melt. 
Results
Heat-treatment of AKD surfaces and time-dependent contact angles
Heat-treatment of each AKD surface was performed at a specified temperature in an It is concluded that the water-repellency of the AKD surfaces can be thermally induced quite effectively. The trace curves of the super water-repellent mixed AKD surface with fractal geometry are shown in Figure 5 . Figure 6 gives the box-counting results for the trace curves in Fig. 5 .
Fractal
The slope of the straight line is -1.26 and then the fractal dimension is D = 1.26 + 1 = 2.26, the value of which is similar to that of the fractal pure AKD surface (2.29). 11, 12 It can be seen from Fig. 6 that the super water-repellent mixed AKD surface also exhibits typical fractal nature. Such fractal structures play an important role in the enhancement of the real surface area of the AKD surface and its water-repellency.
Phase transition during the formation of fractal super water-repellent AKD surfaces
DSC and XRD measurements were utilized to investigate the phase transformation and the degree of crystallization of solid AKD. Figure 9 . As shown in Figures 8 and 9 , with the increase of the temperature, the peaks become sharper and the intensities become stronger in the aged samples than those in the fresh one, which indicates that the degree of crystallization increases after the phase transformation from the metastable state to the stable crystalline one.
Discussion
Mechanism of spontaneous formation of super water-repellent AKD surfaces with fractal structures
We have made clear the mechanism of spontaneous formation of fractal structures on the surfaces of triglyceride waxes. 13 In this system, the phase transition from the metastable α-form to the stable β-form crystal is essential for spontaneous formation of fractal surfaces.
We have observed the quite similar results of the time-dependent contact angles, DSC and XRD experiments also in the present AKD system to those of the triglycerides as shown As mentioned in the experimental section, the rapid solidification from the melt leads to the formation of a metastable phase in poorly ordered state in the fresh AKD surface. Under heat-treatment, the AKD molecules in the metastable phase get enough energy of motion to arrange themselves spontaneously into the thermodynamically favorable crystalline form.
Higher temperature can effectively accelerate the molecular rearrangement and the structure adjustment, and then enhance the phase transformation from the metastable to the stable crystalline state. These thermally induced molecular orientations promote the formation of microcrystals. With the formation of the stable microcrystals on the surface, the fractal structures gradually grow, the surface becomes rough, and finally does super water-repellent.
The increase in contact angle can then be observed at a given temperature. Hence, the spontaneous formation of super water-repellent fractal surface of AKD results from the phase transformation from the metastable to the stable cystalline state. Appropriate heat-treatment shows significant effects on the rate of phase transformation and the spontaneous formation of super water-repellent surface with fractal structures.
Activation energy of spontaneous formation of super water-repellent AKD surfaces
We define t 150 as the time required for a solid surface to become super water-repellent with the water contact angle of 150 o at a given temperature. From the Arrhenius equation
where k is the rate constant, A the pre-exponential factor, E a the activation energy, R the gas constant, T the absolute temperature and C is a constant.
The plots of ln(1/t 150 ) versus 1/T are given in Figure 10 , where t 150 is in h and T is in K.
From the slopes of the straight lines, the activation energies for the pure and mixed AKD are 
Conclusions
Inspired by the fractal structures and the super water-repellent behavior of the triglyceride surfaces, 13 we have investigated the mechanism of spontaneous formation of 
